Th e orientation and organisation of collagen fi brils play an important role in the mechanical functioning of the articular cartilage (AC) that covers the surfaces in the diarthrodial joints. In the adult animal, typically an arcade like 'Benninghoff structure' is found. Because the remodelling capacity of the collagen network in the adult animal is limited, this Benninghoff structure needs to develop before the animal reaches maturity, and it needs to develop correctly.
Introduction
Articular cartilage (AC) is the thin layer of tissue that covers the surfaces of bones in diarthrodial joints. Its function is to provide a low friction environment for joint movement and to transmit loads. To fulfi l this function, AC needs a certain composition and structure which it develops during early life (Brama et al., 2000b (Brama et al., , 2002 Helminen et al., 2000 ; Hunziker et al., 2007b ) . At maturity, AC composition may to some degree still be adapted to fi t changing functional demands (Brama et al., 2000b ; Saadat et al., 2006 ) , but the remodelling capacity of the collagen network in the mature animal is limited (Brama et al., 2000a ; Hyttinen et al., 2001 ; Murray et al., 2001 ; Saadat et al., 2006 ) . In fact, most diff erences we observe in the collagen network in AC at this point are associated with wear, trauma and pathologies.
Th e orientation and organisation of the collagen fi brils play an important role in the mechanical function of AC (Bi et al., 2005 ; Han et al., 2002 ; Hughes et al., 2005 ; Julkunen et al., 2007 ; Kiviranta et al., 2006; Rieppo et al., 2003a ) . Th e classical model of AC collagen architecture is that of Benninghoff ( 1925 ) . From the articular surface to the bone, this model describes fi rst a thin superfi cial zone with collagen fi brils arranged parallel to the articular surface, next a thicker transitional zone where the collagen fi brils seem to lack a predominant orientation, and fi nally the thickest deep zone where the collagen fi brils are oriented in the radial direction more or less perpendicular to the subchondral bone.
Th is model has been confi rmed in a variety of species and anatomical sites (Hughes et al., 2005; Kääb et al., 1998 ) , but notably in specimens past the juvenile age. Th e collagen network in the young developing animal is known to be subject to compositional remodelling. For instance, Bland and Ashhurst ( 1996a , b ) looked at the temporal distribution of diff erent collagen types in fetal and young rabbit AC.
Th ey were unable to show type II collagen, the major collagen component in adult AC (over 90 %), in rabbit AC before 3 weeks post natal in the menisci and before 6 weeks post natal in the tibial plateau. Brama et al. ( 2000b ) showed an increase in collagen content in the equine metacarpophalangeal joint up to an age of 5 months, and no changes afterwards. Structural remodelling too, has been shown in e.g. mouse (Hughes et al., 2005 ) and rabbit AC (Hunziker et al., 2007b ) . Th e focus in these studies is on the diff erentiation in superfi cial/transitional/deep zones and to the best of our knowledge a quantitative description and comparison of collagen structure in developing and full-grown AC has not yet been reported.
Quantitative polarised light microscopy (qPLM) is a popular technique to evaluate collagen structure in AC (Massoumian et al., 2003 ; Rieppo et al., 2003b ; Ross et al., 1997; Ugryumova et al., 2005 ) and is sometimes called 'the gold standard of histology' (Alhadlaq et al., 2004 ; Xia et al., 2007 ) . What is measured with qPLM are properties of birefringent structures, c.q. collagen fi brils. Two parameters are measured: retardance and azimuth of the birefringent structure. Th e retardance is a combined measure for structural anisotropy and collagen amount (Arokoski et al., 1996 ; Bennett, 1950; Király et al., 1997 ) : low retardance indicates either a low amount of collagen, or a low degree of structural anisotropy, or both. In the transitional zone, where according to the Benninghoff model the fi bril architecture shows low structural anisotropy compared to the other zones, we therefore expect the retardance to show a minimum. Th is fact is often used to determine zone thickness with PLM (Hughes et al., 2005 ; Hyttinen et al., 2001 ; Király et al., 1998 ; Kiviranta et al., 2006 ; Li et al., 2006; Saadat et al., 2006 ; Xia et al., 2002 Xia et al., , 2003 . Th e second parameter is the azimuth, which is the predominant orientation of the birefringent structures (Julkunen et al., 2007 ; Rieppo et al., 2003b ; Ross et al., 1997 ) .
Scanning electron microscopy (SEM) has the advantage over qPLM that it is able to visualise individual fi brils. It is particularly SEM studies that have stressed that the azimuth that we fi nd with qPLM is a predominant orientation only and not the orientation of every single fi bril (Clark, 1985 (Clark, , 1991 Hughes et al., 2005 ; Speer and Dahners, 1979 ) . Th e objective of this study is to use qPLM and SEM techniques to quantitatively investigate diff erences in collagen structure in the equine distal metacarpus of the young and adult animal.
Methods

Scanning Electron Microscopy (SEM)
Nine forelimbs of fi ve horses were collected from a local abattoir (VOF Paardenslachterij, Nijkerk, Th e Netherlands), and processed on the day of slaughter. Th e approximate age in years of 4 horses was obtained from the owner. Th e age of the fi fth horse (a foal) is only known to be below one year. See Table 1 . Th e age and the origin of the limbs used in this study. Th e animals labelled 0 months of age, were stillborn. Horses labeled 'sem' were used for the scanning electron microscope study, horses labeled 'plm' were used for the polarised microscopy study.
Skin and subcutaneous tissue were removed and the metacarpophalangeal joint was carefully opened. Full depth cartilage plugs were taken from the distal metacarpus using a hollow drill and a chisel at the medial and lateral distal parts of the joint (MDi and LDi, fi g. 1 ). Th e cartilage plugs were then fi xed (25 % glutaraldehyde in 0.2 M sodium cacodylate buff er) for 4 days, washed and infi ltrated with sucrose (25 % on PBS) overnight, snap frozen in liquid nitrogen and stored at -80 °C until further processing. Frozen samples were split in two with a scalpel and hammer, placed in water and dehydrated with a series of alcohol solutions (70 %, 80 %, 90 % and 96 % for 15 min each, 100 % once for 5 min and twice for 10 min) and fi nally dried with a critical point dryer using CO 2 (CPD 020, Balzers, Liechtenstein) to avoid surface tension and surface damage. Th ese samples were glued on a sample holder with conductive carbon cement (Leit-C, Neubauer Chemicalien, Germany) and stored overnight for the glue to dry. Th e surface of the sample was sputter coated with 8 nm platinum in a dedicated preparation chamber (Oxford Instruments CT 1500 HF, Eynsham, England) for a better reflection of electrons.
SEM imaging was performed with a fi eld emission scanning electron microscope (JEOL 6300 F, Tokyo, Japan) in vacuum at room temperature using a focussed electron beam of 3.5 kV with a work distance of 16 mm. Digital images were recorded at a scan rate of 100 seconds/full frame (Orion, 6 E.L.I. sprl., Belgium) and stored in 8 bit TIFF format.
We fi rst collected an overview of the full depth cartilage layer at a magnifi cation of 70x. Next, approximately ten to twenty high magnifi cation images (10.000x) were collected at diff erent heights in the cartilage layer for analysis with a Fast Fourier Transformation (FFT). Th e resulting 2D power spectrum showed an ellipse like bright spot centred at the image with its long axis in the direction of the predominant fi bril orientation. When we scanned the intensity on a line with a certain azimuth starting in the centre, we therefore found the highest values when the azimuth of the line corresponds with the ellipse's long axis (Kim et al., 2006 ; Petroll et al., 1993 ) . Figure 2a shows an example of a SEM image in the 2 year old animal with a magnifi cation of 10.000x. Th ese images measure 2528 pixels by 2030 pixels and were cropped to a circle positioned in the centre with a radius of 927 pixels to minimise FFT artifacts. Th e cropped image was subjected to 2D FFT and this resulted in a power spectrum (fi g. 2b) . Note that FFT introduced a 90° phase shift in the power spectrum. We corrected for this phase shift in this example. From the spectrum we could detect the predominant orientation from the shape of the ellipse in the centre. Th is is illustrated in fi g. 2c , a thresholded binary image of the power spectrum that shows the core of the ellipse.
Th e analysis was implemented in Matlab (version 7.2R14, Th e MathWorks, Inc., 1984 Inc., -2005 . Results were interpolated to 20 equidistant points and will be presented as a function of dimensionless height, i.e. from the tidemark, h = 0, to the articular surface, h = 1. We expressed the azimuth with respect to the articular surface, i.e. 0° and 180° are parallel to the articular surface; 90° is perpendicular to the articular 
surface. Because of the small sample size, we treated all measurements independently for the presentation of height dependent results.
Quantitative polarised light microscopy (qPLM)
Eight forelimbs of six horses with known age were collected from the Faculty of Veterinary Medicine of the University of Utrecht (Th e Netherlands) and an additional four forelimbs from two adult horses were collected from a local abattoir (VOF Paardenslachterij, Nijkerk, Th e Netherlands), see table 1 for details. Forelimbs provided by Utrecht University were obtained frozen and were thawed at 5 °C overnight before processing. Limbs collected from the abattoir were fresh and processed on the day of slaughter. Skin and subcutaneous tissue were removed and the metacarpophalangeal joint was carefully opened. Split line patterns were created on the articular surface of the distal metacarpus with a sharp round needle charged with Indian ink. Th e needle was inserted perpendicular to the articular surface at 2 mm intervals and excess ink was removed by rinsing. Th e resulting split line pattern was recorded with a Nikon D-100 digital camera with a Micro-Nikon 55 mm objective.
Samples were taken from the sagittal ridge (SR), the distal part of the medial side (MDi) and lateral side (LDi) and dorsal parts of the medial side (MDo) and lateral side (LDo), see fi gure 1 . A dentist drill was used to introduce rectangular carvings and from these full depth cartilage plugs (i.e. including a piece of the subchondral bone) were extracted using a chisel. Th ese samples were fi xed with formalin, decalcifi ed with EDTA (10 % EDTA, pH 7.4) for two weeks, washed and infi ltrated with sucrose (25 % sucrose on PBS) overnight, snap frozen in liquid nitrogen and stored at -80 °C until further processing, and fi nally cut parallel to the superfi cial split lines to 5 μm thick histological slices with a cryostat (Reichert 2800N).
Two macroscopically normal histological samples for each sample site were mounted with water and analysed with the LC-PolScope system for qPLM (Oldenbourg and Mei, 1995 ; Oldenbourg, 2004) . Images were obtained with a Zeiss Axiovert 200M microscope at a 5x/1.6 magnifi cation, equipped with a Q-imaging monochrome HR Retiga EX 1350 camera. Recorded intensity images had a resolution of 1.59 μm 2 /pixel and were stored in 8 bit TIFF format. We used the fi ve frame setting with background correction as described by Shribak and Oldenbourg ( 2003 ) with a swing of 0.03 [-] . Th e recorded images were analysed for predominant collagen fi bril orientation and tissue retardance with custom written scripts implemented in Matlab (version 7.2R14, Th e MathWorks, Inc., 1984 Inc., -2005 .
A representative section with a width of 170 pixels that reaches from the tidemark to the articular surface was extracted from the images. Th e results were averaged over this width and are presented as a function of dimensionless height after interpolation to 400 equidistant points. Th e azimuth was expressed with respect to the articular surface. Average retardance was obtained by taking the arithmetic mean of the 170 pixels and used to determine the position of the birefringence minimum in the transitional zone. To obtain an average orientation over these 170 pixels with predominant fi bril azimuth, the arithmetic means did not suffi ce (Upton and Fingleton, 1989 ) .
We therefore introduced a retardance weighted average azimuth (φ ) that is obtained by maximising the function
Th e summation over the absolute values of the inner dot product found the line with smallest diff erence in angles compared to all lines N described by the azimuth values φ . Th e retardance φ ( n ) is a measure for the amount of collagen that is associated with azimuth φ( n ). Th rough multiplication of the inner dot product with the retardance, we assigned a lower importance to azimuth values with a lower retardance, which may indicate that 1) there is fewer collagen in this pixel; or that 2) the predominant orientation belongs to a collagen structure with a low level of anisotropy; or 3) a combination of these two. Maximisation of equation (1) was done with Matlab's built in function 'fminbnd' on a interval of 0 < φ ̅ ≤ π. Final curves for each site were averages from two separate qPLM slices taken from each sample.
Results
SEM study
In the older animals, SEM images show that the collagen fi brils exhibit structural anisotropy in varying degrees depending on the height in the cartilage. Structural anisotropy is most clearly visible at the articular surface and at the tidemark. In the foal however, the cartilage appears more chaotic throughout the entire cartilage layer. Figure 3 shows an example of the collagen structure close to the tidemark in the foal and in the adult animals. Th e diff erence in structural anisotropy is also apparent from the power spectra: the adult animal shows a more pronounced ellipse than the young animal. When the spectrum resembled a circle more than an ellipse as in this example for the foal, we rotated the image and repeated the analysis. Th e observed predominant orientation then rotated with the image, confi rming that we found an objective measure for orientation.
Th e height dependent orientation patterns we fi nd in the foal diff er from those found in the other animals, again particularly in the deep zone. Figures 4 and 5 show these patterns for the foal and for the older animals. In the foal, the orientation of the fi brils appears to vary around 0° (or 180°) throughout the entire cartilage depth. Visual inspection of the SEM images shows that the orientation we fi nd in the foal belongs to a near isotropic structure for h < 0.8, see for instance fi g. 3a . Near the articular surface, SEM images in the foal show an anisotropic structure as in the older animals.
In the other animals, an arcade like Benninghoff structure appears: collagen is aligned perpendicularly to the subchondral bone in the deep zone (approximately 80 % of the tissue height), then curves away to form an arcade, and is fi nally aligned with the articular surface. qPLM study Figure 6 shows the azimuth results for the 5 anatomical sites for three animals of ages 0 months, 4.5 months and 10 years. We can see that these three animals show diff erent patterns from each other; and that within the stillborn (0 months) and adult animal there seems to be little variation with anatomical site. Th e animal of age 4.5 months does show some variation between the anatomical sites.
When we collect all orientation pattern results, again two distinct collagen orientation profi les are found in the qPLM study. We cannot fi nd diff erences between left or right limbs or between the anatomical sites and therefore pool the data as independent measurements (due to the sample size, as in the SEM study). Th e fi rst pattern belongs to the stillborn animals and is shown in fi gure 7 . Here, we fi nd that the predominant fi bril orientation is aligned with the articular surface over the complete cartilage height in these animals. Th e second pattern is found in the animals of age 10 months and older and is shown in fi gure 8 . Th ese animals show an arcade like Benninghoff structure with fi brils perpendicular to the subchondral bone in the deep zone that bend in the transitional zone until they are aligned parallel with the articular surface. Th e patterns we observe in the animal of age 4.5 months show a mixture of these two primary patterns ( fi g. 6 ). Figures 7 and 8 show the average retardance patterns that correspond to these orientation patterns. Retardance appears to be larger in the older than in the stillborn animals. Th is apparent rise in retardance is accompanied by an increase in variation that is just as high. Th e minimum in the retardance pattern that is associated with the transitional zone, can be found in all samples and the height of this minimum d m is collected in table 2 .
Finally, we present the overall cartilage thickness as a function of age in table 3. It shows signifi cantly higher values for the stillborn animals than in the other animals. From age 4.5 months onwards, no signifi cant diff erences in cartilage thickness are detected.
Discussion
In both parts of the study, we were able to confi rm the Benninghoff model in our sample of animals of age 10 months and older. Strikingly, we fi nd in the qPLM study that collagen is predominantly arranged parallel to the articular surface throughout the Table 3 .
Cartilage thickness as a function of age in the qPLM study. Th e last column collects the data for the two adult animals and the animal with age 120 months. entire cartilage depth in the stillborn animal. At 4.5 months we seem to fi nd intermediate results between this parallel structure and the adult Benninghoff structure. Th is marked result is confi rmed in the SEM study were we observe such a parallel arrangement in the foal. Even if the exact age of this foal is not known and the variation we fi nd is large, the results suggest that the Benninghoff structure is not found in this animal, whereas it is found in the SEM experiments with older animals. Th e SEM experiments further show that the predominant orientation in the young animals belongs to collagen fi brils with a nearly isotropic architecture. Another interesting fi nding is that the minimum in retardance that is associated with the isotropic transitional zone is already present in the stillborn animals, while no zonal diff erentiation is apparent from the orientation patterns. Th is onset of a transitional zone without a change in collagen fi bril orientation has also been reported by Hughes et al. ( 2005 ) in 7 day old mouse AC. Th is indicates that some degree of structural diff erentiation over the cartilage height may already be present at birth. It also shows that the use of orientation patterns for determination of the diff erent zones as recently proposed by Julkunen et al. ( 2007 ) will not suffi ce in young animals.
Brama and coworkers performed biochemical studies on the developing AC in the same equine joint. Th ey did not investigate depth dependent or structural parameters, but concentrated on compositional diff erences as a function of site, age and exercise. Looking at the data they present for collagen content, we fi nd that they report a large increase in collagen content up to an age of 5 months (Brama et al., 2000b ) and little or no adaptation after this age (Brama et al., 2000a (Brama et al., , 1999 . Furthermore, they report site related diff erences in a variety of parameters that do not exist at birth, but are fully developed at an age of 5 months (Brama et al., 2000b (Brama et al., , 2002 . Th e current study concentrates on height dependent collagen structure and the results indicate that in line with the work by Brama and coworkers, structural changes in the collagen fi bre network also occur in the fi rst 5 months after birth. Brama et al. ( 2000b , c ) report compositional diff erences between the chosen sites from an age of 5 months onwards. It is very likely that the structural changeover in developing AC is a function of biomechanical loading, as is the compositional changeover. Th erefore diff erences in collagen structure between sites that are subject to diff erent loading patterns would not be unexpected. In this study however, the number of samples probably is too small to show this in terms of collagen structure. Because of the small sample size, it is conceivable that diff erences in loading patterns between animals may have confounded diff erences in loading patterns between the sites within an animal. We do fi nd that cartilage thickness is signifi cantly higher in the stillborn animals than in the older animals, which is in line with the results of Brommer et al. ( 2005 ) and Firth and Greydanus ( 1987 ) . However, we add that this is due to one of the two stillborn animals that had a very thick cartilage layer (> 2 mm). Cartilage thickness in the second stillborn animal is in line with that found in the other animals.
Caveats in this preliminary study are the small number of animals we were able to use; the temporal distribution of the sample points; and the limited knowledge on the ages and loading history of the animals. Th e diff erence in cartilage thickness between the two stillborn animals for instance may be explained by diff erences in the developmental stage of the fetuses, since we do not know the gestational age of these animals. Furthermore, we had to resign ourselves to the use of diff erent breeds of horses, which is likely to have increased variations we fi nd between animals, and we had no control over the ages of the animals that we could use. Still, we are confi dent that the results we report on collagen orientation in stillborn and adult horses will hold, since these follow unambiguously from both age categories even when little or no diff erences can be found in the other parameters.
As such, these fi ndings suggest implications for AC epigenetics. AC remodels during growth and maturation from a homogenous tissue to a tissue with site specifi c composition (Brama et al., 2000b , c ; Hunziker et al., 2007b ) and mechanical properties (Brommer et al., 2005 ) . It does so under the influence of mechanical loads (Brama et al., 1999; Helminen et al., 2000 ; Murray et al., 2001 ) that vary over the joint surfaces (Brama et al., 2001 ; Hodge et al., 1986 ; Palmer et al., 1994 ) . Th e collagen fi bre network plays an important role in the mechanical properties of AC in general (Arokoski et al., 1999 ; Kiviranta et al., 2006 ; Korhonen et al., 2002 ; Wilson et al., 2005a ) , and in the diff erentiation in cartilage mechanics over the tissue height: global cartilage loads will result in diff erent strains over the cartilage height due to its depth dependent structure and composition (Schinagl et al., 1997 ; Wilson et al., 2006b ; . In fact, the relationship between cartilage loads and depth dependent collagen structure is strong enough for Wilson et al. ( 2006a ) to be able to predict depth and site dependent collagen structure as a function of global cartilage loads.
Given that the collagen fi bre network in the newborn animal is nearly uniform over the cartilage height, the question now arises to what degree the depth dependent mechanical properties manifest in the newborn animal. Also, one might ask to what degree this is the result of the diff erences in collagen fi bre network; to what degree such depth dependent mechanical properties in the newborn animal are necessary to develop the distinct depth dependent collagen structure at maturity; and what the role is of the other cartilage components in the development of cartilage mechanics and structure. We intent to address these questions in future work.
Conclusions
In the cartilage on the equine distal metacarpus, we fi nd diff erent collagen structures in young (2 stillborn animals) and older animals (9 animals older than 10 months). Th e transition between the two structures takes place in the fi rst months after birth as we see a transitional structure in a 4.5 months old animal.
In the two stillborn animals that we analysed, the predominant collagen fi bril orientation is parallel to the articular surface throughout the entire cartilage depth. Th e minimum in the retardance patterns suggest the onset of a transitional zone, but this zone is not yet apparent from fi bril arrangement.
In the animals older than 10 months that we analysed, we fi nd the classical Benninghoff structure with the three zones. In the deep zone, collagen fi brils are predominantly arranged perpendicular to the subchondral bone, in the superfi cial zone, they are aligned parallel to the articular surface. In the transitional zone, we fi nd a low retardance which indicates a less anisotropic collagen structure, and that the azimuth patterns describe an arcade like structure.
